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Schwann cellsInteraction of the axon guidance receptor Neuropilin-1 (Npn-1) with its repulsive ligand Semaphorin 3A
(Sema3A) is crucial for guidance decisions, fasciculation, timing of growth and axon–axon interactions of
sensory and motor projections in the embryonic limb. At cranial levels, Npn-1 is expressed in motor neurons
and sensory ganglia and loss of Sema3A–Npn-1 signaling leads to defasciculation of the superﬁcial projec-
tions to the head and neck. The molecular mechanisms that govern the initial fasciculation and growth of
the purely motor projections of the hypoglossal and abducens nerves in general, and the role of Npn-1 during
these events in particular are, however, not well understood. We show here that selective removal of Npn-1
from somatic motor neurons impairs initial fasciculation and assembly of hypoglossal rootlets and leads to
reduced numbers of abducens and hypoglossal ﬁbers. Ablation of Npn-1 speciﬁcally from cranial neural
crest and placodally derived sensory tissues recapitulates the distal defasciculation of mixed sensory-motor
nerves of trigeminal, facial, glossopharyngeal and vagal projections, which was observed in Npn-1−/− and
Npn-1Sema− mutants. Surprisingly, the assembly and fasciculation of the purely motor hypoglossal nerve
are also impaired and the number of Schwann cells migrating along the defasciculated axonal projections
is reduced. These ﬁndings are corroborated by partial genetic elimination of cranial neural crest and
embryonic placodes, where loss of Schwann cell precursors leads to aberrant growth patterns of the hypo-
glossal nerve. Interestingly, rostral turning of hypoglossal axons is not perturbed in any of the investigated
genotypes. Thus, initial hypoglossal nerve assembly and fasciculation, but not later guidance decisions de-
pend on Npn-1 expression and axon–Schwann cell interactions.horin class 3; Sox10, SRY-box
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Nerves derived from the cranial neural tube innervate speciﬁc
muscles and sensory targets within the vertebrate head and neck.
During early embryonal development, anterior–posterior patterning
mechanisms initiated by differential expression of homeobox genes
lead to a segmentation of the vertebrate hindbrain and the formation
of the ﬁrst seven rhombomeres (Alexander et al., 2009). Positional
information and cell–cell interactions within distinct rhombomeres
subsequently contribute to a compartmentalization of cells that will,
for example, form bones of the skull, muscles of the face and neck,
or lead to the differentiation and migration of neuronal cells that
form ganglia of the cranial nerves at characteristic locations in the
brainstem (Guthrie, 2007). Motor nuclei consist of somatic motorneurons derived from the pMN domain where their differentiation
is controlled by Nkx6.1 and Olig2. Branchiomotor and visceromotor
neurons are derived from the p3 domain under the control of a differ-
ent set of transcription factors and their axons exit the brainstem
dorsally (Guthrie, 2007). Projections from these motor nuclei inner-
vate targets in the head, throat and heart, providing motor innerva-
tion for muscles in the branchial arches and parasympathetic
ganglia. Sensory components of cranial innervation are located out-
side the neural tube and are derived either from neural crest cells or
develop from embryonal placodes (Cordes, 2001).
In order to provide distinct connections into the periphery, axons
derived from speciﬁc rhombomeres in the brainstem have to be
correctly bundled and guided to their targets. The establishment of
cranial nerve projections in the hindbrain is a two-phase-process:
axon guidance within the neural tube, and formation of projections
to peripheral targets. Expression of the repulsive axon guidance
cues Netrin-1 and Slit in the ﬂoorplate governs repulsion of motor
axons expressing the corresponding receptors Unc5a and Robo1/2,
respectively, from the midline (Burgess et al., 2006; Hammond
et al., 2005). The compartmental organization of the brainstem in
rhombomeres also plays a key role in axon guidance. Analyses of
Krox20 mutant mice identiﬁed candidate cues that assist in the
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Maunoury et al., 1993). ErbB4, a cell surface receptor that is not in-
volved in hindbrain segmentation, prevents cranial axons from
using ectopic entry points (Gassmann et al., 1995).
During peripheral pathﬁnding, axon–axon and axon–environment
interactions are involved to establish precise connectivity and promote
fasciculation of motor and sensory trajectories in the peripheral nervous
system (Tessier-Lavigne and Goodman, 1996). Attraction of hypoglossal
nerve ﬁbers expressing Met thyrosine receptor kinase by hepatocyte
growth factor (HGF) expressed in the branchial arches is crucial for ros-
tral navigation of the hypoglossal nerve (Caton et al., 2000). Besides spe-
ciﬁc guidance decisions, selective fasciculation of growing axons plays
an important role in the formation of cranial nerves. Cadherins have
been shown to mediate fasciculation and targeting of cranial sensory
axons in zebraﬁsh (LaMora and Voigt, 2009). In chicken andmouse em-
bryos, cadherins facilitate axon branching and guidance of branchiomo-
tor axons, or axon sortingwithin the olfactory nerve, respectively (Akins
and Greer, 2006; Barnes et al., 2010). Over the past two decades, the re-
ceptors of the Neuropilin (Npn) family and their ligands, the secreted
class 3 semaphorins (Sema3) were shown to play a role in multiple fea-
tures of peripheral spinal and cranial nerve guidance, including regula-
tion of the timing of growth, selective fasciculation, and mediation of
sensory–motor axon interactions. Elimination of Sema3A–Npn-1 signal-
ing results in axon guidance deﬁcits, impaired sensory–motor axon cou-
pling and defasciculation of peripheral projections into trunk and limbs
(Huber et al., 2005). Recently, we showed that Npn-1 mediates axon–
axon interactions between motor and sensory projections in the limb.
We found that Npn-1 expressed on sensory nerves is not only required
for timing and fasciculation of sensory axon growth, but also for proper
motor axon guidance and fasciculation in the distal limb (Huettl et al.,
2011). Also at cranial levels, fasciculation and guidance decisions are
governed by Sema3–Npn interaction: Sema3F–Npn–2 signaling mainly
facilitates pathﬁnding and fasciculation of occulomotor, trochlear and
trigeminal axons (Chen et al., 2000; Gammill et al., 2007). Npn-1 is
expressed by most sensory and motor neurons within the brainstem,
except for occulomotor, trochlear and vestibulocochlear (acoustic)
ganglia (Kawakami et al., 1996; Kitsukawa et al., 1997). Loss of the
Sema3A–Npn-1 signaling pathway severely affects fasciculation of distal
trigeminal, facial, glossopharyngeal and vagus projections to the head
and neck (Gu et al., 2003; Kitsukawa et al., 1997; Schwarz et al.,
2008a; Taniguchi et al., 1997). A possible function of Npn-1 for the es-
tablishment of the purely somaticmotor projections of the cranial abdu-
cens and hypoglossal nerves or in accompanying glia cells, however, has
not yet been investigated.
In this study, we use genetic tools to investigate the role of Npn-1 in
fasciculation and selection of trajectories of cranial sensory and motor
projections to the head and neck.We compare ourﬁndingswith embry-
os where motor and sensory neurons were partially eliminated by tis-
sue speciﬁc activation of cytotoxic diphtheria toxin fragment A (DT-A),
and to the Npn-1Sema− mouse line, where all Sema3 binding to Npn-1
is blocked (Gu et al., 2003). We ﬁnd that loss of Npn-1 in sensory neu-
rons recapitulates the distal defasciculation of trigeminal, facial, glosso-
pharyngeal and vagus projections that were observed in Npn-1−/− and
Npn-1Sema− mutant embryos (Kitsukawa et al., 1997; Taniguchi et al.,
1997).We show that Npn-1 is required inmotor neurons for correct as-
sembly and fasciculation of hypoglossal and abducens nerves. Interest-
ingly, removal of Npn-1 from sensory neurons and placodally derived
tissue also leads to defects in fasciculation of the hypoglossal nerve,
which is a pure somatic motor projection. These initial fasciculation de-
fects are accompanied by a decrease of neural crest derived Schwann
cellsmigrating along hypoglossal rootlets. Our results therefore empha-
size the crucial role of Sema3A–Npn-1 signaling for selective fascicula-
tion of cranial motor and sensory trajectories during proximodistal
axon guidance. Furthermore, our data underscore the hypothesis that
somatic motor nerve fasciculation depends on axon–Schwann cell in-
teractions in developing vertebrates.Experimental procedures
Mouse embryo preparation
Animals were handled and housed according to the federal guide-
lines for the use and care of laboratory animals and approved by the
Regierung von Oberbayern. Instead of the standardized nomenclature
Nrp1 (JAX) to abbreviate Neuropilin 1 we use the term Npn-1. The
genotype of mouse embryos was determined as described for Npn-
1cond (Gu et al., 2003), DT-A (Brockschnieder et al., 2006), Hb9::eGFP
(Wichterle et al., 2002), Olig2-Cre (Dessaud et al., 2007) and Ht-PA-Cre
(Pietri et al., 2003). Day of embryonal plug was considered E0.5. In all
experiments, mutant mice of the age of E10.5 or E11.5 (Npn-1cond−/−;
Cre+ and Cre+;DT-Aﬂoxed;) were compared to control littermates
(Npn-1cond+/+;Cre+ or Npn-1cond−/−;Cre− and Cre+; DT-Awt/wt or
Cre−; DT-Aﬂoxed, respectively). For all genotypes and time points n=3
animals were evaluated and both sides quantiﬁed.Histology
The protocols for immunohistochemistry, wholemount embryo
staining and wholemount embryo imaging have been described
previously (Huber et al., 2005; Huettl et al., 2011). The following
primary antibodies were used for ﬂuorescent immunohistochemistry
on cryosections or for wholemount embryo preparations: rabbit anti-
GFP (Molecular Probes), mouse anti-Neuroﬁlament 2H3 and mouse
anti-Isl1/2 39.4D5 (obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the NICHD and
maintained by the University of Iowa, Department of Biological
Sciences, Iowa City, IA 52242), rat anti-endomucin (1:100, Santa
Cruz Biotechnology) and goat anti-Sox10 (1:100, Santa Cruz Biotech-
nology). Antibody staining was visualized using ﬂuorochrome-
conjugated secondary antibodies (1:250, Molecular Probes; Jackson
Dianova). For wholemount imaging embryos were cleared using
BABB (1 part benzyl alcohol, 2 parts benzyl benzoate) and imaged
using a LSM510 Zeiss confocal microscope. Confocal stacks through
the entire extent of the region of interest were acquired and then
collapsed for further investigation. In situ hybridization was
performed as described using mouse digoxigenin-labeled probes for
Npn-1 (Huber et al., 2005; Huettl et al., 2011).Quantiﬁcation of hypoglossal rootlet length and number
To quantify the length of hypoglossal rootlets before they coalesce
into one nerve a rootlet coefﬁcient was determined: the individual
length of the rootlets was measured from the point where they
emerge from the neural tube (white dashed line in Figs. 2–5) to the
point where they connect with a neighboring projection and normal-
ized to the distance between neural tube and the point, where all pro-
jections contributing to the hypoglossal nerve have joined (Fig. 2D, a
and b, respectively). The number of rootlets was quantiﬁed by count-
ing the projections leaving the neural tube (white dashed line in
Figs. 2–5). Signiﬁcance was calculated using the two-tailed Student's
t-test.Quantiﬁcation of hyoglossal nerve proportions
To investigate whether proportions of the hypoglossal nerve have
shifted due to elongated growth of hypoglossal rootlets, the distance
of the rootlet convergence point (CP) to the neural tube was mea-
sured and normalized to the distance between the neural tube and
the point where hypoglossal ﬁbers turn rostrally (TP, Fig. 2F). Signif-
icance was calculated using the two-tailed Student's t-test.
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nuclei
To quantify the number of somatic motor neurons in the hypoglos-
sal nucleus, the neural tube of E11.5 control and Npn-1cond−/−;Olig2-
Cre+ mutant embryos was ﬂat-mounted, embedded in Tissue Tek
(Sakura) and cryosectioned at 14 μm. After immunohistochemistry,
sections were imaged using a LSM510 Zeiss confocal microscope and
the number of Isl1 positive, Hb9::eGFP positive somatic motor neurons
of the hypoglossal nucleus was counted. To quantify the number of
somatic motor neurons in the abducens nucleus, Hb9::eGFP positive
neurons were counted on images of E10.5 and E11.5 wholemount em-
bryos. Signiﬁcance was calculated using the two-tailed Student's t-test.
Quantiﬁcation of Schwann cells
For quantiﬁcation ofmigrating Schwann cell progenitors, the number
of Sox10 positive cellswas counted along the entire length of the rootlets
and normalized to the number of projections contributing to the hypo-
glossal nerve to obtain the average number of Schwann cells per rootlet.
The number of Schwann cells at the tip of the hypoglossal projectionwas
counted using Image J program. Note that at this position in the develop-
ing embryo the hypoglossal nerve has formed connections with the ﬁrst
cervical nerve, aswell aswith the vagus nerve. Signiﬁcancewas calculat-
ed using the two-tailed Student's t-test.
Quantiﬁcation of abducens nerve thickness and proportions
To quantify the number of abducens ﬁbers projecting to the
eyecup at E11.5, the thickness of the abducens nerve was measured
at the point, were all projections from the neural tube re-fasciculated
(Fig. 7E, JP) and normalized to the length of the entire abducens
projection. Proportions of the abducens nerve were analyzed by
normalizing the length of the abducens projection to the distance
from the neural tube to the joining point (JP). Signiﬁcance was calcu-
lated using the two-tailed Student's t-test.
Quantiﬁcation of Npn-1 expression in the trigeminal ganglion of
Npn-1cond−/−;Ht-PA-Cre+ mutant embryos
For quantiﬁcation of Npn-1 expressing neurons within the
trigeminal ganglion, the area of Isl-1 positive pixels was measured using
the Image J program, Npn-1 expressing cells within this area were
counted and normalized to the measured area. There was no difference
in number/area of Isl-1 positive cells between control andmutant embry-
os. Signiﬁcance was calculated using the two-tailed Student's t-test.
Results
Fasciculation of peripheral cranial projections is controlled by Npn-1
expressed in cranial neural crest and placodally derived cells
To determinewhether Npn-1 is required in sensory axons for proper
peripheral fasciculation of the mixed sensory–motor projections of the
trigeminal, facial, glossopharyngeal and vagus nerves,we utilized a con-
ditional approach (Npn-1cond, GeneID:18186, Gu et al., 2003). Axonal
projections were analyzed inwholemount embryos stained for neuroﬁ-
lament. We ablated Npn-1 from neural crest and placodally derived
cells by tissue speciﬁc expression of Cre recombinase under the control
of the human tissue plasminogen activator promoter (Ht-PA-Cre, Pietri et
al., 2003, Fig. S1B). At E10.5, defasciculation of the distal parts of the fa-
cial nerve, and the ophthalmic, maxillary and mandibular branches of
the trigeminal ganglion were observed in Npn-1cond−/−;Ht-PA-Cre+
mutant embryos (Fig. 1D). Furthermore, the more caudally situated
projections of the glossopharyngeal and vagus ganglia also showed
defasciculated peripheral nerve branches (Fig. 1E). This phenotype iseven more obvious at E11.5, when facial, glossopharyngeal and vagal
projections are severely defasciculated distally (Fig. 1I). Hardly any fas-
ciculated branches were found in ophthalmic and mandibular projec-
tions, while the maxillary branch is spread out over the entire nasal
area (Fig. 1H). When Npn-1 was eliminated from sensory neurons, we
found ectopic axons between facial and trigeminal ganglia at E10.5
and E11.5 (Figs. 1D, H, arrow). Schwarz and colleagues showed that
these ectopic axons project along misguided neural crest cells, which
are also targeted by Ht-PA-Cre (Schwarz et al., 2008a). Also the defasci-
culation phenotypes are very reminiscent of the defects observed in
Npn-1Sema− embryos where Sema3–Npn-1 signaling is blocked in the
entire organism (Fig. S2D, E; Gu et al., 2003; Schwarz et al., 2008a).
Thus, our data demonstrate that fasciculation and guidance of peripher-
al cranial nerves are governed by Npn-1 expression on sensory cells de-
rived from neural crest and embryonic placodes.
Loss of Sema3A–Npn-1 signaling impairs initial fasciculation of hypo-
glossal nerve rootlets
While previous studies have addressed the role of Sema3A–Npn-1
signaling in the formation of trigeminal, facial, glossopharyngeal and
vagus nerves (Kitsukawa et al., 1997; Taniguchi et al., 1997), its role in
guidance and fasciculation of the hypoglossal and abducens nerves
has not been investigated so far. The hypoglossal nerve provides
motor innervation of the tongue. It arises from an elongated band of
motor nuclei in the medulla oblongata and exits the brainstem
rostrally to the ﬁrst cervical spinal nerve. Fibers from the nuclei in the
brainstem coalesce to form spinal rootlets that subsequently form
roots, and ﬁnally fuse to the hypoglossal nerve itself. We investigated
the formation of hypoglossal projections in wholemount embryo prep-
arations by Hb9::eGFP ﬂuorescence in somatic motor axons (Wichterle
et al., 2002), while sensory, branchiomotor and visceromotor projec-
tions were visualized by neuroﬁlament staining in the absence of GFP
ﬂuorescence. At E11.5, the hypoglossal nerve has connected with the
ﬁrst cervical spinal nerve and turned rostally towards the tongue in
wildtype embryos (Fig. 2B, arrow). This turning event also takes place
in Npn-1Sema−mutant embryos, where binding of all class 3 Semaphor-
ins to Npn-1 is blocked. However, during assembly of the hypoglossal
nerve, the rootlets from the brainstem motor nuclei remain defascicu-
lated over a longer distance before coalescing into the hypoglossal
nerve (Fig. 2C, arrowhead). These ﬁndings were quantiﬁed by calculat-
ing a rootlet coefﬁcient that is signiﬁcantly higher in Npn-1Sema− mu-
tant embryos (Figs. 2D, E), while total proportions of the hypoglossal
nerve remain unchanged (Figs. 2F, G, pSema−=0.12). Also, the forma-
tion of the ﬁrst spinal nerve in the cervical spinal cord is impaired by
loss of Sema3–Npn-1 signaling, leading to thinned and/or aberrant
motor projections (Fig. 2C, open arrowheads). Taken together, these
ﬁndings demonstrate a role for Npn-1 in initial fasciculation during cra-
nial somatic motor nerve assembly.
Loss of Npn-1 in somatic motor neurons leads to a reduction and defec-
tive assembly of the hypoglossal nerve
To investigate the role of Npn-1 in somaticmotor axon fasciculation,
we used a conditional approach to selectively remove Npn-1 from
motor neurons. In contrast to spinal motor neurons that form columns
along the entire length of the spinal cord (Jessell, 2000), cranial motor
neurons are partitioned into nuclei after differentiation into somatic,
branchio- and visceromotor neurons. Knockout of the Olig2 gene leads
to loss of all spinalmotor nerves,while at cranial levels only the somatic
motor projections of the hypoglossal and abducens nerves are absent.
Cranial branchiomotor, visceromotor and sensory projections are not
affected by absence of somatic motor trajectories (Fig. S3). When we
crossed Olig2-Cre animals (GeneID:50913, Dessaud et al., 2007; Huettl
et al., 2011) with a conditional diphtheria toxin fragment A (DT-A) trans-
genic line (Brockschnieder et al., 2006), we observed a similar
Fig. 1. Npn-1 in sensory neurons is required for distal fasciculation of cranial projections. Wholemount antibody staining against neuroﬁlament of E10.5 and E11.5 embryos. Blue
dashed line in the schematic (A) depicts the cranial projections shown in the panels (B–I). Ablation of Npn-1 in sensory neurons by Ht-PA-Cre leads to distal defasciculation of tri-
geminal, facial, glossopharyngeal and vagus projections in Npn-1cond−/−;Ht-PA-Cre+ mutant embryos (arrowheads in D,E,H,I) when compared to littermate controls (B,C,F,G). The
arrows in D and H mark aberrant projections between facial and trigeminal ganglia. Abbreviations: trig = trigeminal ganglion, oph = ophthalmic, max = maxillary, mand =
mandibular branch of the trigeminal nerve, fac = facial nerve, glos = glossopharyngeal nerve, vag = vagus nerve, SAN = spinal accessory nerve, hg = hypoglossal nerve, C1 =
ﬁrst cervical spinal nerve. Scale bar: 100 μm.
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(Fig. 3C) or severely reduced (Fig. 3F), and the abducens nerve is miss-
ing (Fig. S3H). Branchiomotor, visceromotor and sensory projections
develop normal peripheral projections in Olig2-Cre;DT-Aﬂoxed mutant
embryos (Figs. 3C, F arrowheads).
When we ablated Npn-1 from cranial somatic motor neurons
using the Olig2-Cre line, we found no alteration of glossopharyngeal,
vagal and spinal accessory projections that consist of branchiomotor,
visceromotor and sensory trajectories (Figs. 3D, G). At E10.5, howev-
er, stunted and aberrant projections of the hypoglossal nerve were
observed in Npn-1cond−/−;Olig2-Cre+ mutant embryos (Fig. 3D,
arrow). At E11.5, hypoglossal projections form a connection with
the ﬁrst spinal nerve and were found appropriately proportioned
(Fig. 2G, pOlig2-Cre=0.41) and positioned within the branchial arches,
turning rostally towards the tongue (Fig. 3G, double arrowhead). Also
the number of Isl1 positive somatic motor neurons within the hypo-
glossal nucleus was not altered in Npn-1cond−/−;Olig2-Cre+ mutant
embryos (Figs. 3H, I; ctrl: 175.1+/−23.13, mutant: 180+/−12.64,
p=0.86). In contrast to control embryos, however, projections from
the hypoglossal motor neurons appear markedly thinned and thenumber of rootlets exiting the neural tube and contributing to the hy-
poglossal nerve is decreased from 12.96+/−0.57 in control embryos
to 7.67+/−1.12 in mutants (Fig. 3G, open arrowheads, K, p≤0.001).
In addition, when we quantiﬁed the length of the hypoglossal rootlets
we found that they remain defasciculated over signiﬁcantly longer
distances before joining together to form the hypoglossal nerve
(Fig. 3J). This same phenotype we observed also in Npn-1Sema− mu-
tant embryos. Therefore, our ﬁndings suggest that loss of Npn-1
does not impact differentiation of somatic motor neurons in the hy-
poglossal nucleus. Sema3A–Npn-1 signaling is required in somatic
motor axons for proper outgrowth and initial fasciculation of hypo-
glossal rootlets, while guidance towards the tongue is facilitated by
other signaling pathways.
Elimination of Npn-1 from cranial sensory neurons and partial loss of
cranial neural crest and placodally derived tissues impairs hypoglossal
nerve assembly
We showed that ablation of Npn-1 from cranial neural crest and
placodally derived sensory tissues is responsible for the distal
Fig. 2. Loss of Sema3–Npn-1 signaling impairs hypoglossal nerve assembly but not ﬁnal targeting. Wholemount antibody staining of E11.5 embryos against Hb9::eGFP (green, so-
matic motor nerves) and neuroﬁlament (red, motor and sensory nerves). Blue dashed line in the schematic (A) frames cranial projections shown in panels (B, C). In Npn-1Sema−
mutant embryos, connection of hypoglossal and the ﬁrst cervical spinal nerve takes place normally (arrow, C), when compared to control littermates (arrow, B). In mutants, aber-
rant or thinned projections from the ﬁrst cervical spinal nerve were observed (open arrowheads, C), and rootlets forming the hypoglossal nerve are elongated (arrowhead, C) when
compared to wildtype embryos. Calculation of the rootlet coefﬁcient is explained in the Experimental Procedures and the schematic in (D). In Npn-1Sema− this coefﬁcient is signif-
icantly increased to 0.46+/−0.043 SEM compared to 0.26+/−0.026 in control embryos (E, p≤0.005). Investigation of the of the convergence point (CP)/turning point (TP) co-
efﬁcient (F) reveals no proportional differences of the hypoglossal nerve in all investigated genotypes (G, pSema−=0.12; pOlig2-Cre=0.41; pHt-Pa-Cre=0.91). Scale bar: 200 μm.
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projections. All these nerves are mixed sensory–motor projections.
Surprisingly, we also observed defects in the hypoglossal nerve
that is a pure motor projection. While blood vessel formation and
patterning at the level of the hypoglossal nerve seems to be unaf-
fected by loss of Npn-1 in neural crest and placodally derived senso-
ry tissue at E10.5 (Figs. S1D, E), hypoglossal projections are
markedly thinned and project aberrantly towards the spinal acces-
sory nerve in Npn-1cond−/−;Ht-PA-Cre+ mutant embryos (Fig. 4C).
Elimination of cranial neural crest and placodally derived cells due
to targeted activation of DT-A by Ht-PA-Cre leads to even more se-
vere defects in hypoglossal nerve assembly at E10.5. Here, hypo-
glossal ﬁbers form loops and stall in growth shortly after leaving
the brainstem (Fig. 4D). Additionally, the ﬁrst spinal nerves in the
cervical spinal cord are stunted in Ht-PA-Cre;DT-Aﬂoxed animals
(Fig. 4D, open arrowheads).
At E11.5, many of these phenotypes have been corrected: hypo-
glossal projections of embryos that lack Npn-1 expression in tissues
derived from neural crest and placodes have joined the ﬁrst spinal
nerve, are correctly proportioned and project rostally towards thetongue (Fig. 4F, arrow; quantiﬁed in Fig. 2G, pHt-PA-Cre=0.91). How-
ever, while the number of rootlets exiting the neural tube remains
the same (Fig. 3K, p=0.33), Npn-1cond−/−;Ht-PA-Cre+ mutant em-
bryos show signiﬁcantly elongated projections during hypoglossal
nerve assembly (Fig. 4F arrowhead, quantiﬁcation in H). These
data are very reminiscent of the phenotype that we observed in
Npn-1Sema− and Npn-1cond−/−;Olig2-Cre+ mutant embryos. In em-
bryos, where sensory neurons were ablated by tissue speciﬁc activa-
tion of DT-A, the hypoglossal nerve correctly splits into a rostally and
a caudally turning part (Fig. 4G, arrow). However, the number of
branches contributing to the hypoglossal nerve is dramatically re-
duced from 11.67+/−0.84 in controls to 7.17+/−0.60 in mutant
embryos (Fig. 4G, quantiﬁcation in Fig. 3K, p≤0.001). The hypoglos-
sal nerve failed to connect with the ﬁrst spinal nerve in all analyzed
embryos due to misprojecting spinal nerves (Fig. 4G, empty arrow-
head). Glossopharyngeal and vagus nerve developed normally in
Ht-PA-Cre;DT-Aﬂoxed mutant embryos (Fig. 4F, double arrowheads).
Taken together our ﬁndings indicate a role for Npn-1 in neural
crest and placodally derived cells for hypoglossal nerve fasciculation
and assembly, while guidance towards the tongue is not affected.
Fig. 3. Npn-1 in somatic motor neurons mediates initial fasciculation of the hypoglossal nerve. Wholemount antibody staining against Hb9::eGFP (green, somatic motor nerves) and
neuroﬁlament (red, motor and sensory axons). Blue dashed line in the schematic (A) frames cranial projections shown in panels (B–G). Somatic motor axons of the hypoglossal
nerve are stained by Hb9::eGFP immunoﬂuorescence. Activation of DT-A by Olig2-Cre partially eliminates somatic motor neurons at E10.5 (C) and leads to severely reduced somatic
motor projections at E11.5 (F) when compared to control littermates (B, E). Glossopharyngeal and vagus nerves project normally in Olig2-Cre;DT-Aﬂoxed embryos (arrowheads, C and
F). At E10.5, hypoglossal projections are reduced and stunted in embryos where Npn-1was ablated from somatic motor neurons (arrow, D), while spinal accessory, vagus and glos-
sopharyngeal trajectories are formed normally (arrowheads, D). At E11.5 the hypoglossal nerve joins with the ﬁrst cervical spinal nerve (C1) and projects rostrally in controls
(E) and mutants (G, double arrowhead). Spinal accessory, vagus and glossopharyngeal projections are formed normally in Npn-1cond−/−;Olig2-Cre+ embryos (arrowheads, G).
The number of Hb9::eGFP+/Isl1+ motor neurons in the hypoglossal nucleus is not changed in embryos where Npn-1 was ablated from somatic motor neurons (H, anterior to
the top, midline to the left of the panel, I, p=0.86), however, the projections stay defasciculated over a signiﬁcantly longer distance before they bundle into one nerve trunk
(open arrowheads in G, J, control=0.19+/−0.02 SEM, mutant=0.52+/−0.06, p≤0.001) and the number of hypoglossal rootlets leaving the neural tube (white dashed line)
is reduced (K). Scale bar: 100 μm B–D, 200 μm E–G, 50 μm H.
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rectly laid out somatic motor projections from the brainstem and
the rostral cervical spinal cord.
SOX10-positive Schwann cell precursors facilitate initial hypoglossal
nerve fasciculation
We next assessedwhether loss of Npn-1 in cranial neural crest and
placodally derived cells affects migration of Schwann cell precursors
along defasciculated hypoglossal nerve rootlets. Wholemount prepa-
rations of E11.5 embryos revealed Sox10-positive cells migrating
along the entire length of the hypoglossal nerve in control embryos.
At the tip of the growing hypoglossal nerve, Schwann cells lag behind
the leading axons (Fig. 5E). In Npn-1cond−/−;Ht-PA-Cre+ mutant em-
bryos, migration of Schwann cells along the axons to the tip of thehypoglossal nerve is not impaired (Fig. 5F) and also their number is
comparable to what we observed in control embryos, after the hypo-
glossal projections have joined with the ﬁrst cervical and the vagus
nerves (Fig. 5H). However, along the elongated rootlets, the number
of Schwann cells is reduced drastically from 10.94+/−0.94 Sox10-
positive cells per rootlet in controls to 6.683+/−0.57 cells per rootlet
in mutant embryos (Fig. 5H, p≤0.01). Some projections are even
completely devoid of Schwann cells (Fig. 5C, open arrowheads). In
Npn-1Sema− embryos, where Sema3–Npn-1 signaling is abolished in
bothmotor and sensory projections, we observed a similar phenotype
of fewer Schwann cells migrating along defasciculated rootlets (Figs.
S2G, H). In embryos, where neural crest and placodally derived cells
are eliminated by tissue speciﬁc activation of DT-A, we also found de-
fects in the initial assembly of the hypoglossal nerve, but not in the
ﬁnal targeting of its projections. In Ht-PA-Cre;DT-Aﬂoxed mutant
Fig. 4. Assembly, but not rostral turning of the hypoglossal nerve is defective in Npn-1cond−/−;Ht-PA-Cre+ and Ht-PA-Cre;DT-Aﬂoxed mutant embryos. Wholemount antibody staining
against Hb9::eGFP (green, somatic motor nerves) and neuroﬁlament (red, motor and sensory axons). Blue dashed line in the schematic (A) depicts the cranial projections shown in
the panels (B–G). At E10.5, hypoglossal projections of Npn-1cond−/−;Ht-PA-Cre+mutant embryos appear thinned and project aberrantly (arrowheads, C) when compared to control em-
bryos (B). In embryoswhere cranial neural crest andembryonic placodes are eliminatedby tissue speciﬁc activationofDT-A, hypoglossal projections are stunted and form loops (arrowheads,
D) instead of projecting towards the branchial arches as in controls. Also projections of the cervical spinal nerves (C1) are stunted (open arrowheads, D)when compared to controls. At E11.5,
initial fasciculation of hypoglossal projections is disturbed, and rootlets grow signiﬁcantly longer, before coalescing to one major nerve trunk in Npn-1cond−/−;Ht-PA-Cre+ mutant embryos
(arrowhead, F). Connectionwith the ﬁrst cervical spinal nerve and rostral turning towards the tongue is not impaired inmutants (arrow, F) when compared to littermate controls (E). Elim-
ination of cranial neural crest and embryonic placodes by DT-A reduces somatic motor projection contributing to the hypoglossal nerve (quantiﬁcation in Fig. 3K) and leads to aberrant pro-
jections of cervical spinal nerves (open arrowhead, G), but does not impact on rostral turning of hypoglossal projections (arrow, G)when compared to control embryos. Scale bar: 100 μm for
B–D, 200 μm for E–G.
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lets and the tip of hypoglossal projections (Figs. 5D, G). We therefore
conclude that Npn-1 expression by neural crest derived Schwann
cells is dispensable for general guidance of hypoglossal projections to-
wards the tongue, but crucial for initial selective fasciculation of the
hypoglossal nerve.
Npn-1 is required in somatic motor neurons for correct fasciculation and
outgrowth of the abducens nerve
We showed that tissue speciﬁc expression of Cre recombinase
under the control of the Olig2 promoter targets somatic motor neurons
in the brainstem (Fig. S2). Motor neurons of the abducens nerve are de-
rived from progenitors in the pMN domain. Projections from these
motor nuclei innervate the lateral rectus muscle that is responsible
for horizontal eye movements (Chilton and Guthrie, 2004). At E11.5,
Npn-1 is expressed in somatic motor neurons of the abducens nucleus
(Fig. 6B). When Npn-1 is ablated from somatic motor neurons, the
abducens nerve shows a reduced number of projections at E10.5
(Figs. 6D–F), while the number of somatic motor neurons is not chan-
ged in mutant embryos (Fig. 6C). While abducens projections appear
defasciculated at E10.5 in control embryos, the axons form one fascicle
at E11.5, until they reach the turning point towards the eyecup, where
they defasciculate again (Figs. 6D, G). In Npn-1cond−/−;Olig2-Cre+
mutant embryos, nerve ﬁbers appeared diminished in number, howev-
er, re-fasciculation of remaining ﬁbers to form a thinner abducens
projection was observed in E11.5 mutant embryos (Fig. 6H, quantiﬁca-
tion in Fig. 7F). At E12.5, the remaining abducens projections reach theturning point towards the eye, and seem to turn appropriately to inner-
vate the lateral rectus muscle (data not shown). Thus, formation of the
abducens nucleus is not affected by loss of Npn-1 in somatic motor
neurons. Our results show a requirement of Npn-1 in somatic motor
axons for abducens nerve fasciculation and initial outgrowth, while tar-
geting of remaining ﬁbers appears to be governed by alternate factors.
To assess the role of neural crest and placodally derived cells in the
formation, fasciculation and growth of the abducens nerve we ana-
lyzed Npn-1Sema−, Npn-1cond−/−;Ht-PA-Cre+ and Ht-PA-Cre;DT-Aﬂoxed
mutant embryos. At E10.5, when axons of the abducens nucleus
leave the brainstem and have not yet fasciculated in wildtype embry-
os, no differences were observed in any mutant (data not shown).
One day later, re-fasciculation has occurred in control embryos and
the abducens nerve grows as a tight fascicle towards the eye. In
Npn-1Sema− embryos, where Sema3A–Npn-1 signaling is abrogated
in the entire organism, no difference to control embryos was
observed (Figs. 7B, F, G). However, in one out of three embryos, on
one side the abducens projections showed aberrant rostral branching
(data not shown). In Npn-1cond−/−;Ht-PA-Cre+ mutant embryos,
which lack Npn-1 expression selectively in cranial neural crest and
placodally derived sensory cells, abducens axons re-fasciculated
properly (Fig. 7C). Axonal outgrowth appears delayed after refascicu-
lation took place at E11.5 (Figs. 7C, G), however, this phenotype is
corrected one day later (data not shown). Also in Ht-PA-Cre;DT-Aﬂoxed
mutant embryos this delay of axon outgrowth was observed in one
out of three analyzed embryos, nevertheless, also when cranial neural
crest and placodally derived tissues and neurons are missing, abdu-
cens axons still fasciculate appropriately and project towards the
Fig. 5. Defasciculation of the hypoglossal nerve in Npn-1cond−/−;Ht-PA-Cre+ and Ht-PA-Cre;DT-Aﬂoxed mutant embryos is accompanied by loss of Sox10-positive Schwann cells.
Wholemount antibody staining of E11.5 embryos against Sox10 (red) and neuroﬁlament (green). Blue dashed line in the schematic (A) frames cranial projections shown in panels
(B–D and I–K), magenta dashed line depicts projections shown in (E–G). Sox10-positive Schwann cells migrate along the hypoglossal nerve (B). At the leading edge of the hypo-
glossal projection, tips of the leading axons are found ahead of Sox10-positive cells (arrowheads and arrows, respectively, in E). In Npn-1cond−/−;Ht-PA-Cre+ mutant embryos, de-
fective fasciculation of initial hypoglossal projections is accompanied by loss of Schwann cells, some rootlets are even devoid of Sox10-positive cells (open arrowheads, C;
quantiﬁcation in H, p=0.59). At the tip of the projection, axons correctly project ahead of Schwann cell progenitors (arrowheads and arrows, respectively, F). In Ht-PA-Cre;DT-Aﬂoxed
mutant embryos, absence of Schwann cells accompanies defective initial assembly of the hypoglossal nerve, and also the tip of the hypoglossal projection is devoid of Schwann cells
(D, G). Scale bar: 100 μm for B–D, 40 μm for E–G.
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of sensory tissues for guidance and fasciculation of the abducens
nerve.
Discussion
Proper locomotion, sensation and perception of the environment
depend on the establishment of correct neuronal circuits during de-
velopment. To establish cranial nerves in the head and neck, three
different types of motor neurons are generated in response to graded
Shh signaling: somatic motor neurons of the abducens and hypoglos-
sal nuclei, which develop like spinal motor neurons and exit the
neural tube ventrally (Novitch et al., 2001), and branchio- and viscer-
omotor neurons. These latter subtypes arise from the p3 domain in
response to Nkx2.2 and Nkx2.9 signaling (Briscoe and Ericson,
1999; Pabst et al., 2003), their somata migrate to more dorsal posi-
tions in the neural tube, and their axons share dorsal exit points
(reviewed in Guthrie, 2007). Loss of Nkx6.1, Nkx6.2 and Pax6 during
somatic motor neuron development deletes abducens and hypoglos-
sal motor neurons (Ericson et al., 1997; Sander et al., 2000). We show
that loss of Olig2, which is downstream of Nkx6.1 and Nkx6.2, leads to
a similar phenotype, while branchio- and visceromotor projections
remain unaffected (Fig. S3).
Elimination of Sema3–Npn-1 signaling by completely removing
Npn-1 (Npn-1−/−) or by mutating the binding site for class 3 sema-
phorins in Npn-1 (Npn-1Sema−) resulted in defasciculation of the
distal projections of trigeminal, facial, glossopharyngeal and vagus
nerves (Gu et al., 2003; Kitsukawa et al., 1997; Taniguchi et al.,
1997). In addition, PlexinA3 and A4, both co-receptors of Npn-1,prevent midline crossing of facial visceromotor neurons and facilitate
distal fasciculation of these projections (Schwarz et al., 2008b). Loss
of this signaling pathway in the entire organism leads to mislocaliza-
tion of cranial neural crest cells between facial and trigeminal ganglia
along which ectopic axons are extending (Schwarz et al., 2008a).
Since these projections contain both motor and sensory axons, it is
unclear whether Npn-1 is required in both neuronal populations for
proper distal assembly and fasciculation. We speciﬁcally eliminated
Npn-1 from cranial neural crest and placodally derived cells using
the Ht-PA-Cre-line that targets neural crest cells and the same struc-
tures within the sensory nervous system, vasculature and cephalic
tissues as the Wnt1-Cre line (Danielian et al., 1998), but is not
expressed in cells of the dorsal neural tube (Pietri et al., 2003). Con-
sistent with previous data when Npn-1 signaling was abolished in
the entire organism, speciﬁc targeting of Npn-1 by Ht-PA-Cre in
neural crest cells leads to defasciculation of peripheral projections of
trigeminal, facial, glossopharyngeal and vagus nerves. We also
observed ectopic projections between facial and trigeminal ganglia
caused by the known migration defect of neural crest cells in this
region, while the distribution of neural crest derived Sox10-positive
Schwann cells appears normal along the mixed sensory–motor pro-
jections into the periphery (data not shown). Additionally, our data
argues that Npn-1 expressed on the sensory projections is responsible
for the distal defasciculation phenotype of these cranial nerves.
While the function of Npn-1 in governing fasciculation, axon
growth and cell migration in cranial sensory, branchiomotor and vis-
ceromotor trajectories has been studied before, its roles in purely so-
matic motor neurons of the hindbrain have not been addressed so far.
The abducens and hypoglossal nuclei consist of solely somatic motor
Fig. 6. Loss of Npn-1 in somaticmotor neurons reduces abducens projections. In situhybridization demonstratesNpn-1 expression in the abducens nucleus (B′), which consists of somatic
motor neurons that express Hb9::eGFP and hencemark the abducens nucleus (B). Numbers of somaticmotor neurons in the abducens nucleus are unchanged inNpn-1cond−/−;Olig2-Cre+
embryoswhen compared to controls (C, E10.5 control=48.83+/−1.76,mutant=41.83+/−1.70, pE10.5=0.69). Blue dashed line in the schematic in (A) frames position of the abducens
nerve shown in panels (D, E, G, H). In E10.5 wholemount embryos stained against Hb9::eGFP (green, somaticmotor axons) and neuroﬁlament (red, motor and sensory axons, anterior to
the top of the panel), the number of abducens projections is diminished inNpn-1cond−/−;Olig2-Cre+mutant embryos (E) to 5.00+/−0.97 compared to 11.00+/−0.82 in control embryos
(D, F, p≤0.001). At E11.5, abducens projections are still thinned (for quantiﬁcation see Fig. 7F, pOlig2-Cre=0.001), rostral turning and fasciculation are normal when compared to control
littermates (G, H). For abbreviations see legend of Fig. 1, abd = abducens nerve. Scale bar: 50 μm for B, D, E and 100 μm for G, H.
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lateral eye movements (Chilton and Guthrie, 2004) and the muscles
of the tongue, respectively. When we ablated Npn-1 speciﬁcally
from somatic motor neurons using the Olig2-Cre line, the number of
somatic motor neurons was unchanged in both abducens and hypo-
glossal nuclei, indicating that Npn-1 plays no role in regulating
survival of somatic motor neurons. However, we observed that the
abducens and hypoglossal nerves were markedly reduced in size
after exiting the neural tube. This was not observed in the Npn-
1Sema− line, where only the binding site for class 3 semaphorins is
mutated, while binding of other interaction partners such as vascular
endothelial growth factor (VEGF) or the cell adhesion and pathﬁnd-
ing molecule L1, is still feasible (Castellani, 2002; Erskine et al.,
2011; Geretti et al., 2008). It is therefore possible, that Npn-1 serves
yet other, semaphorin-independent functions to mediate axonfasciculation. In mice hypomorphic for the expression of the motor
neuron determinant transcription factor Isl1, the number of Hb9 pos-
itive motor neurons in the spinal cord and in cranial nuclei was not
altered. However, motor nerves are defasciculated and misprojecting,
and hypoglossal projections are diminished in number and fail to turn
rostrally (Liang et al., 2011). These ﬁndings indicate that low levels of
Isl1 in motor neurons interfere with proper guidance of motor axons.
For the initial outgrowth of hypoglossal axons low levels of Isl1 cause
a phenotype very reminiscent of the one we observed when we
ablated Npn-1 in somatic motor neurons.
Removing Npn-1 from sensory neurons using the Ht-PA-Cre line
had only very limited and transient effects on the somatic motor pro-
jection of the abducens nerve, which were completely corrected by
E12.5 (data not shown). This argues for a minor, if any, role of Npn-
1 in neural crest and placodally derived cells, e.g. Schwann cells, for
Fig. 7. Abducens nerve projects normally in Npn-1Sema−, Npn-1cond−/−;Ht-PA-Cre+ and Ht-PA-Cre;DT-Aﬂoxed mutant embryos. Wholemount antibody staining against Hb9::eGFP
(green, somatic motor projections) and neuroﬁlament (red, motor and sensory axons). At E11.5, the abducens nerve refasciculates normally in Npn-1Sema− mutant embryos and
projects to the eyecup (B). Abducens projections of Npn-1cond−/−;Ht-PA-Cre+ (C) and Ht-PA-Cre;DT-Aﬂoxed mutant embryos (D) refasciculate properly when compared to control
embryos (A, quantiﬁcation in F, pSema−=0.36, pHt-PA-Cre=0.23, pDT-A=0.79). Growth is slightly retarded after re-fasciculation in E11.5 embryos where Npn-1was ablated from sen-
sory tissues (G, pHt-PA-Cre=0.01). Scale bar: 100 μm.
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eral sensory projections during embryonic development by elimina-
tion of these ﬁbers has been observed in Sema3A mutants (White
and Behar, 2000), while we found that the sciatic nerve is still defas-
ciculated at postnatal timepoints (Haupt et al., 2010). Together, these
data support a mode of action whereby class 3 semaphorins
expressed in neighboring tissues exert a surround repulsion on abdu-
cens ﬁbers. Very similar to peripheral spinal projections, abducens
ﬁbers that express Npn-1 on their surface are fasciculated to a tight
bundle when they grow through a corridor formed by the repulsive
ligand. Removing the axons' ability to see this inhibitory guide rail
allows for ﬁbers to wander off the fascicle and grow into neighboring
tissues (Huber et al., 2005; Tessier-Lavigne and Goodman, 1996;
Wright et al., 1995).
The hypoglossal nucleus is the caudal-most cranial motor nucleus
within the brainstem and, like the abducens nucleus, consists of
somatic motor neurons that were shown previously to express Npn-1
(Hermanson et al., 2006). We demonstrate that in Npn-1Sema−
mutant embryos and in animals, where Npn-1 is ablated from somatic
motor neurons, initial fasciculation of the hypoglossal nerve is
disturbed. This leads to elongated hypoglossal rootlets in both pheno-
types, that only fasciculate into one nerve trunk brieﬂy before the conver-
gence point. Interestingly, loss of Sema3–Npn-1 signaling has no effect on
rostral turning of the hypoglossal nerve towards the outer and inner ton-
guemuscles. Hepatocyte growth factor (HGF) is a strong chemoattractant
not only to spinal, but also to cranialmotor axons (Caton et al., 2000). It is
expressed in limb buds and myogenic precursor cells in the branchial
arches, while the HGF receptor Met is expressed on subpopulations of
cranial motor neurons (Ebens et al., 1996). Mice with targeted disrup-
tions of either Met or HGF showed stunted growth of peripheral projec-
tions at the level of the glossopharyngeal plexus. Fasciculation of
hypoglossal rootlets right after exiting the neural tube was not impaired
in mice lacking HGF-Met signaling (Caton et al., 2000). Taken together,
these data suggest an important role for Npn-1 on somatic motorprojections for fasciculation of hypoglossal projections on their way to
the convergencepoint,whileHGF-Met signaling facilitates general attrac-
tion towards the target ﬁelds in the tongue.
Intriguingly, assembly of hypoglossal projections was also impaired
after ablation of Npn-1 from cranial neural crest and placodally derived
cells. These ﬁndings were corroborated by genetic elimination of these
tissues, which also impaired formation of the hypoglossal nerve. During
axon guidance, axons rely on variable navigational mechanisms: me-
chanical features of the surrounding tissue, or diffusible and cell associat-
ed cues. Pioneer axons in the grasshopper leg, or the murine
telecephalon, for example, follow distinct pathways pre-patterned on
critical positions by so called guidepost cells to their targets in muscles
or the olfactory bulb, respectively (Keshishian and Bentley, 1983; Palka
et al., 1992; Sato et al., 1998; Tomioka et al., 2000). Structures like
nerve exit points, sensory ganglia, glial cells and target muscles provide
essential guideposts during cranial axon elongation into the periphery
(Guthrie, 2007). For the hypoglossal nerve, however, other neuronal
ganglia are hardly within reach during initial outgrowth and rootlet as-
sembly. Defective migration of future target cells as guideposts for hypo-
glossal nerve fasciculation due to disruption of Sema3A–Npn-1 signaling
is unlikely, as hypoglossal projections are established beforemigration of
myoblast precursors that will later form the muscles of the tongue starts
(Mackenzie et al., 1998; Noden, 1983). In chicken, circumpharyngeal
neural crest cells populate the hypoglossal pathway before nervous pro-
jections are formed, and absence of these cells affects the development of
glossopharyngeal, vagus and hypoglossal trajectories (Kuratani and
Kirby, 1992). However, while Ht-PA-Cre targets all neural crest (Pietri et
al., 2003), it still needs to be assessedwhether Npn-1 is important for cir-
cumpharyngeal neural crestmigration to provide a possible guidepost for
selective hypoglossal nerve fasciculation and growth.
During pathﬁnding of axons to their targets in the periphery, glia
cells that compose a support system for the survival and functionality
of neuronal connections migrate along these axons (reviewed in
Nave, 2010). In primary cell cultures, Schwann cells expressed
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guidance of glia cell precursors was shown to depend on the same in-
teractions of receptors with the environment as axon guidance (Ara
et al., 2005; Sugimoto et al., 2001). Co-expression of Npn-1 and
Sema3A in somatic motor neurons therefore might provide an expla-
nation for defective hypoglossal nerve assembly in mice lacking Npn-
1 on neural crest and placodally derived tissues. This neuronal co-ex-
pression controls the sensitivity to exogenous Sema3A exposure by
regulating the availability of the receptor on motor growth cones in
the distal limb of chicken embryos (Moret et al., 2007). At cranial
levels, Sema3A and its receptor are co-expressed in hypoglossal so-
matic motor neurons of chicken embryos, suggesting a similar system
of ﬁne-tuning sensitivity of hypoglossal axons to Sema3A expression
in the branchial arches (Chilton and Guthrie, 2003). We found that in
Npn-1cond−/−;Ht-PA-Cre+ mutant embryos, the number of Sox10-
positive Schwann cells migrating along the initial rootlets of the hy-
poglossal nerve is drastically diminished. Motor growth cones of the
hypoglossal nerve might be confronted with an excess of Sema3A in
the branchial arches if less Sema3A is taken up by Npn-1 expressed
on the surface of these glia cells. This may cause down-regulation of
endogenous Npn-1 on growth cones and defasciculation of the hypo-
glossal nerve, before HGF-Met signaling facilitates general guidance
of hypoglossal ﬁbers towards the tongue.
Selective axon bundling is required for the establishment of prop-
er neuronal connections over long distances. In the developing zebra-
ﬁsh, axons of the lateral line provide the guidance substrate for
migrating glial precursor cells. Contact between migrating glia cells
and axons, as well as glia–glia interactions aid in keeping a fasciculat-
ed state, while loss of glial precursors leads to defasciculation of the
lateral line nerve (Gilmour et al., 2002). Accordingly, deletion of
Sox10 from immature Schwann cells in mouse causes loss of myeli-
nating cells and subsequently results in thinned and defasciculated
sciatic nerve projections to the hindlimb (Finzsch et al., 2010).
When we removed Npn-1 from neural crest and cells of placodal or-
igin, fewer Schwann cells were associated with the hypoglossal
roots leaving the brainstem, with some of the misprojecting rootlets
completely devoid of Sox10-positive cells. In addition, these roots
grew signiﬁcantly longer until they fasciculated into one major
nerve trunk. In Ht-PA-Cre;DT-Aﬂoxed mutant embryos, where hypo-
glossal projections form aberrant loops and are decreased in number,
Schwann cells are missing completely along hypoglossal projections.
Final targeting of hypoglossal projections, and also migration of
remaining Schwann cells along the leading axons was not perturbed
by ablation of Npn-1 in cranial neural crest and placodally derived
sensory cells. Whether Npn-1 directly facilitates axon–glia interac-
tions for selective fasciculation of the hypoglossal nerve, or whether
the defasciculation of hypoglossal rootlets is an effect of aberrantly
positioned or altogether missing Schwann cells, however, needs fur-
ther investigation. Our ﬁndings therefore indicate a role for glia cells
in initial selective hypoglossal nerve fasciculation.
Supplementary materials related to this article can be found
online at doi:10.1016/j.ydbio.2011.08.019.
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